In this work, we present electronic and magnetic properties of CaMnO3 (CMO) as obtained from ab initio calculations. We identify the preferable magnetic order by means of density functional theory plus Hubbard U calculations and extract the effective exchange parameters (Jij's) using the magnetic force theorem. We find that the effects of geometrical relaxation at the surface as well as the change of crystal field are very strong and are able to influence the lower energy magnetic configuration. In particular, our analysis reveals that the exchange interaction between the Mn atoms belonging to the surface and the subsurface layers is very sensitive to the structural changes. An earlier study [A. Filippetti and W.E. Pickett, Phys. Rev. Lett. 83, 4184 (1999)] suggested that this coupling is ferromagnetic and gives rise to the spin flip process on the surface of CMO. In our work we confirm their finding for an unrelaxed geometry, but once the structural relaxations are taken into account, this exchange coupling changes its sign. Thus, we suggest that the surface of CMO should have the same G-type antiferromagnetic order as in the bulk. Finally, we show that the suggested SF can be induced in the system by introducing an excess of electrons.
INTRODUCTION
Magnetic transition metal (TM) perovskites are an extremely fascinating class of materials, exhibiting a sophisticated interplay between structure, charge, orbital and spin degrees of freedom [1] . As a result, depending on their composition, they exhibit a variety of different ordered states and possess various useful physical properties, such as multiferroicity [2, 3] , non-collinear magnetism [4] , half-metalicity and colossal magnetoresistance (CMR) [see e.g. Ref. [5] ], which make these materials attractive for spintronic applications. Nowadays very clean surfaces and sharp interfaces between different perovskites can be synthesised with great precision. Exotic phenomena such as superconductivity [6] and a realization of 2D electron gas [7, 8] have been reported for 2D-derived perovskite materials. This technological advancement boosted not only the experimental investigations in this direction, but also lead to many fundamental questions for theory.
One of the fundamental questions for magnetic TM perovskites is: how does a system react microscopically when it is confined to two dimensions? Lowering of the symmetry and a reduced coordination number can drastically change its electronic structure. Due to the above-mentioned coexistence of several degrees of freedom, these changes are difficult to predict in TM perovskites and first-principle electronic structure calculations are necessary. Among perovskite systems, the mixed valence manganites are of particular interest [5, [9] [10] [11] .
The present study concerns a classical TM oxide:
CaMnO 3 (CMO). In bulk, the sixfold coordinated Mn ions form a set of half-filled t 2g orbitals, that corresponds to the formal valence state Mn 4+ . Strongly antiferromagnetic (AFM) superexchange interactions [12] between these ions give rise to a G-type AFM order, which is stabilized below the Néel point of 120 K [13, 14] .
However, at the surface of CMO, the Mn ions are surrounded by only 5 oxygen atoms. This may lead to a dramatic reconstruction of the electronic structure, when the less bonded Mn e g states shift to the low-energy region and form the metallic bands at the Fermi level. In this case, the the ferromagnetic (FM) double-exchange mechanism [15] [16] [17] also comes into play and will compete with the superexchange coupling. Hence the exchange interactions (J ij 's) at the surface of CMO will be defined by the subtle balance between these two contributions, and are therefore expected to be very different from the bulk values.
Filippetti and Pickett [18] investigated the surface of CMO by means of density functional theory (DFT). The authors considered a slab of 6-layer thickness, analysed its band structure and calculated several magnetic configurations. They found that the surface and subsurface Mn spins are coupled ferromagnetically through a doubleexchange-type mechanism. This change of sign of the exchange interaction results into a magnetic reconstruction at the surface of CMO, where the surface spins reverse their orientations, i.e. undergo a spin-flip (SF) process.
In the present study we reexamine the electronic and magnetic structure of the surface of CMO in presence of strong on-site correlation effects between 3d electrons. The calculations are based on a combination of DFT plus a static mean-field approach (DFT+U ) [19] . The preferable magnetic order is identified by means of two complementary approaches: direct total energy comparison and extraction of effective J ij 's by means of the magnetic force theorem. We also point out the importance of structural relaxation effects at the surface and their influence on the exchange interactions. This paper is organized as follows. In section I we briefly explain the computational details and the methods used in this work. Section II contains the main results of this study and is divided in several subsections. First the magnetic properties of bulk CMO are presented, next we discuss the results of the slab calculation with and without geometrical relaxation. For all considered cases we identify the preferable magnetic order and analyze in detail the J ij 's in the system. We also discuss the possibility of modifying the magnetic order on the surface of CMO by adding a uniform electron doping. Finally, we draw our conclusions to this work in section III.
I. COMPUTATIONAL DETAILS
We start by presenting the structural model used in this work. Bulk CMO crystallizes in the orthorhombic perovskite structure having Pnma space group with the lattice parameters a= 5.28Å, b=0.99a and c= √ 2a. [14] In this structure the Mn-O-Mn angle is 158
• rather than 180
• as in the ideal perovskite structure. This structure was taken as the starting point for all the calculations performed in this work. For the surface simulations, we have used a supercell geometry consisting of 6 alternating layers of CaO mediated and terminated by 7 layers of MnO 2 stacked along (001) direction. Since the periodic boundary conditions are used in all of the three dimensions, a 20-Å-thick layer of vacuum is used in the construction of the supercell.
The relaxation of the bulk and the slab geometries has been performed on the entire structure (i.e. both forces and the volume were optimized) for different magnetic orders and computational setups (with and without Hubbard U ). The optimal geometries were obtained using the projector augmented wave method [20] , as implemented in the VASP code [21] . The k integration over the Brillouin zone has been performed using 7×7×5 points for bulk and 7×7×1 points for the slabs. Plane-wave energy cut-off was set to 550 eV. We used an exchangecorrelation functional based on local spin density approximation (LSDA) [22] , following Refs. [18, 23] More details on the geometry of the bulk and the slab after relaxation will be given in the next sections.
As mentioned before, in order to improve the description of relatively localized TM 3d electrons, the LSDA+U technique has been applied. For 3d orbitals, where the electrons are expected to find more atomic-like characters, the Coulomb interaction matrix can be formulated via Slater integrals F n [19] . The Coulomb parameters can be defined as follows
where U is Hubbard parameter and J is Hund's exchange.
Conversely from U and J one can recover the values of the Slater integrals by assuming the atomic like ratio F 2 /F 4 = 0.625. The values of U and J can be either extracted from experiments or from first principles calculations. To our best knowledge, there is a lack of experimentally available U value for this system. Therefore, we rely on the theoretically calculated values. In the work by Hung [24] , the U ef f = U − J value is extracted by fitting energy differences obtained from LSDA+U for different U values to the one obtained from hybrid-functional energy, for the same electronic structure. In this way, the effective U is obtained to be about 3 eV. Therefore, we used 4 eV for the U and 0.9 for the J, following the choices of the parameters used in prior studies [25, 26] .
For the choice of the double-counting (DC), we have used the fully localized limit (FLL) formulation [27] both for bulk and surface. This DC is usually appropriate for the systems wherein the electrons are close to the atomic limit, e.g., TM oxides. However, additional simulations with the around mean field (AMF) DC [28] were performed and were found to qualitatively confirm the FLL results. Therefore, to avoid presenting two sets of qualitatively similar results, we only show results obtained with the FLL DC.
Once the atomic positions in the ground state have been identified, the electronic structure and the magnetic properties of the CMO bulk and slabs are investigated in the framework of a full-potential linear muffin-tin orbital (FP-LMTO) code RSPt [29] , in the scalar relativistic approximation. The full potential character of this code enables us to study non closed-packed structures, e.g. surfaces. The details of this implementation, including dynamical mean field theory, can be found in Ref. [29] [30] [31] [32] .
Once the electronic structure has been converged, the next step is to calculate the exchange parameters. This is achieved by mapping the magnetic excitations onto the Heisenberg Hamiltonian:
where J ij is an exchange interaction between the two spins, located at sites i and j, and e i is a unit vector along the magnetization direction at the corresponding site. The exchange parameters can be extracted in several ways, e.g., frozen magnon approximation [33] or the Liechtenstein-Katsnelson-AntropovGubanov method (LKAG) [34, 35] . The former works in the reciprocal space and the latter, in contrast, in the real space. However, one should notice that these two methods are basically equivalent and their main quantities are related to each other by Fourier transform. In this work, we have obtained the pair-wise exchange interactions using the latter method which is based on the energy difference between an infinitesimal rotation of the spins in the system in the limit of local force theorem. More specific details about the evaluation of the exchange parameters, especially with respect to the choice of the basis set used for localized orbitals, can be found in Ref. [36] . Finally, in order to calculate the ordering temperature for the bulk of CMO based on the extracted exchange parameters, we used classical Monte Carlo method as implemented in the UppASD code [37] .
We would like to mention that spin-orbit (SO) coupling has not been taken into account in this work. The SO effects are mainly responsible for other types of magnetic interactions, e.g., anisotropic exchange interactions and magnetocrystalline anisotropy. However, the bilinear Heisenberg term, considered in the present work, is usually the leading one primarily determining lowtemperature magnetic order. Nevertheless, we performed additional simulations, which suggested that SO interaction does not affect the conclusions of our work.
II. RESULTS AND DISCUSSIONS

A. Bulk of CaMnO3
As experimentally and theoretically reported, CMO in bulk form is a G-type antiferromagnet [38, 39] . This means that both intra-and inter-plane coupling between the Mn atoms are antiferromagnetic. Based on this knowledge, we performed our simulations for bulk considering only G-type AFM order. In Fig. 1 , the total density of states (DOS) for the relaxed structure is presented. As seen from the plot, the bulk properties obtained from LSDA and LSDA+U are substantially different, especially when it comes to the heights and the positions of the peaks. This is so, because LSDA+U has a tendency to increase the band gap of LSDA by shifting the 3d states away from the Fermi level (E F ). Due to the distortion of the MnO 6 octahedra, the cubic degeneracies of the d orbitals are lifted. However, the splitting between the states is small and, therefore, we can still separate the states into e g -like and t 2g -like states. With this definition in mind, we observe that the gap is opened between the t 2g (d xz , d xy , d yz ) states below the Fermi level and e g (d xy , d z 2 ) states above the Fermi level. Therefore, this material can be classified as a Mott insulator according to the Zaanen-SawatzkyAllen diagram [40] . The value of the band gap is found to be 0.4 eV and 1.1 eV in LSDA and LSDA+U , respectively. The band gap in LSDA is in close agreement with the results from earlier electronic structure calculations [18, 41] , while the band gap in LSDA+U is in a fair agreement with the experimental optical band gap (1.55 eV) according to Ref. [13] . Moreover, in the work by Jung et al. [25] , the band gap is found to be around 1 eV based on the optical-conductivity analyses. However, [42] , with the reported ordering temperature of 434 K based on mean field approximation. b Ref. [18] c Ref. [43] in that study the opening of the band gap arises between the O 2p states (below the Fermi level) and Mn d states (above). This corresponds to a charge transfer insulator in the Zaanen-Sawatzky-Allen diagram.
Further insides into the magnetic structure can be obtained by calculating the exchange parameters (J ij ). Panel b of Fig. 1 illustrates the results for J ij in which the negative values indicate AFM couplings. The points in the graph located around R ij /a = 1/ √ 2 are considered to be the first nearest neighbors (NN), while the second nearest neighbor is the one located close to R ij /a = 1.0. Fig. 1 b shows two nearest neighbor exchange interactions, in which the differences are due to the structural distortion in the xy plane, which makes x and y axes inequivalent. The exchange parameters with the first and the second nearest neighbors are found to be AFM, which confirms the G-type AFM order for this system as the ground state in both LSDA and LSDA+U methods. Comparing these values with the ones obtained for the unrelaxed structure (in which the experimental lattice constant is used), we find a few percent enhancement in J ij 's which is due to the small reduction in the lattice constant of LSDA (5.19Å) and LSDA+U (5.22Å) versus the experimental lattice constant (5.28Å). This reduction, in turn, leads to the tiny change in the angle of M n − O − M n bond (156.3
• ) compared to the unrelaxed structure (156.8
• ) in both methods, and a small reduction of 2.5% in the spin moment of each Mn atom. All these changes together modify the super-exchange interaction between Mn atoms, which results in a minor modification of J ij values.
Further, one can notice that for bulk CMO, the J ij 's extracted from LSDA+U are relatively suppressed as compared to those of LSDA. This can be understood from the fact, that the exchange interaction in TM oxides is proportional to t 2 /∆ s.f. (see e.g. [44] ), where t is the effective inter-site hopping integral and ∆ s.f. is the energy cost of a spin flip. The latter is equal to Stoner I in LSDA. However, in LSDA+U the U parameter can explicitly contribute to the intraatomic spin splitting [45] . Since U is usually larger than I, and also because of the reduction of t value caused by the localization, an overall suppression of the J ij can be anticipated, and is also found here (see Table I ). The obtained value of J ij in the framework of LSDA+U is in a good agreement to the experimental value of 0.485 mRy [43] .
Keeping in mind that in an insulating material like CMO, the dominating exchange mechanism is basically the super-exchange, one can speculate that the predicted exchange coupling within LSDA is rather overestimated. This can be seen by comparing the ordering temperature (T N ) obtained using the LSDA and LSDA+U derived exchange parameters. Using classical MC simulations as implemented in the UppASD code, we obtained the ordering temperature of 285 and 150 K in LSDA and LSDA+U , respectively. The ordering temperature is considered where the sublattice magnetic moment approaches 0, as is shown in panel c of Fig. 1 . A residual magnetization is expected after the critical temperature due to finite size effect in the simulations. The experimental ordering temperature is around 120 K [13, 14] . Hence, LSDA+U based exchange parameters describe more accurately the ordering temperature of CMO, which demonstrates that on-site Coulomb repulsion among the 3d orbitals of Mn plays an important role.
Finally, in order to have a further insight to the mechanism of the exchange coupling in the system, in Table I we present the spin moment as well as the total and orbital decomposed J ij 's between the nearest Mn atoms obtained within LSDA and LSDA+U . One can see that, the e g -derived contributions are practically negligible, since these states are almost empty and therefore they can not participate in the exchange interactions. On the contrary, the t 2g − t 2g contribution is the decisive component for the general magnetic behavior of the system and gives rise to the G-type AFM order. There is also a small e g − t 2g term, which appears due to a not perfect relative alignment of the neighboring MnO 6 octahedra.
B. Results for the slab
Unrelaxed slab
We start by considering an unrelaxed free-standing slab of CMO as a truncated bulk structure. As mentioned in Section I, the slab consists of 6 alternating layers of CaO mediated and terminated by the layers of MnO 2 from both sides, as shown in the bottom panel of Fig. 3 . This thickness for the slab has been chosen by comparing the spin moment of the Mn atom in the innermost layer and in the bulk, where this difference is obtained to be less than 0.2%. In addition, the comparison of the projected density of states (PDOS) of the Mn d orbitals of the innermost layer with the PDOS of the bulk does not show any visible differences on the scale of interest, as can be seen in Fig. 2 .
In this work, the exchange parameters are calculated for different layers as a function of the interatomic distance between the interacting atoms. The aim is to understand in detail the differences between bulk and surface, and also to see how the additional correction in LSDA+U would affect the exchange interactions. First of all, we focus on presenting the electronic structure results especially for the density of states which have decisive roles in determining the magnetic behavior of the system. In Fig. 2 , the PDOS of the surface, subsurface and the innermost (middle) layers of the unrelaxed CMO slab as well as that of the bulk are presented for both LSDA and LSDA+U methods. As can be seen, the spectrum of the middle layer mimics rather well the spectrum of the bulk. A tiny difference between these two spectra can be related to the difficulties in matching the same spacial points for the sampling of a two-dimensional and three-dimensional Brilluin zone.
According to the LSDA calculations (top panel of Fig. 2) , the surface and the subsurface of the slab turn to be metallic, while the middle layer stays insulating, similar to the bulk. This is due to the broken symmetry at the surface which lifts the degeneracy of the e g states and results in a metallic character for surface and subsurface. This metallic character mainly comes from the presence of the d z 2 states at E f . The results of LSDA+U , to some extent, confirm the LSDA predictions except that for the subsurface the metallicity is almost quenched, although not completely. However, since LSDA+U have a large tendency to highlight the atomic features, the predicted band gap for the innermost layer and the subsurface are substantially larger than the corresponding ones obtained in LSDA.
In the work reported by Pickett [18] , the ground state for the slab of CMO is observed to be a G-type AFM, except that for the surface atoms the spin moments are flipped such that each atom at the surface is coupled with the atom in the subsurface ferromagnetically (see bottom panel of Fig. 3) . In other words, a SF occurs for the surface Mn atoms. This interesting possibility motivated us to check the electronic structure of the CMO slab for the G-type AFM with and without a SF at the surface. For simplicity, we refer the former as AFM and the later as the SF configuration. Comparing the total energies of these states, our results for the unrelaxed slab completely confirm the findings in Ref. [18] , with 78(22) meV lower total energy for the SF in LSDA(LSDA+U ). Metallicity for the surface atoms is predicted in both LSDA and LSDA+U results (see Fig. 2 ).
We proceed now to an analysis of the interatomic exchange couplings (J ij ). Using the SF magnetic order as the reference state, the exchange parameters between the atoms at the surface and the subsurface are calculated. The results are shown in Fig. 3 , wherein surface atoms are labeled as 1 and subsurface atoms as 2. The exchange parameters between the atoms in the inner layers are not shown since they are quite similar to the corresponding results for the bulk illustrated in panel b of Fig. 1 . The most interesting observation is that the coupling of the atom at the surface and the one right below at the subsurface is FM in both LSDA and LSDA+U (see the blue lines). In addition, the AFM coupling between the closest Mn atoms at the surface is also observed (red lines). Although the latter is substantially weaker than that in the bulk. These two observations confirm the SF scenario at the surface, which was obtained in Ref. [18] , by total energy comparison.
One has to always remember that the J ij 's extracted by means of the LKAG method usually depend on the magnetic configuration they are extracted from. This dependence simply arises because the electronic structure in various magnetic states can be substantially different. Therefore, it is important to verify that the reference state is the actual ground state, otherwise there is no guarantee that the obtained results can predict the correct magnetic properties such as ordering temperature, magnon spectra, etc. We have also calculated the J ij 's from the G-type AFM order without the surface SF and these results indicated an instability of this state, suggesting that the SF scenario is the ground state. Thus, we can claim that the results provided by all different methods offer a robust physical picture and point at the same conclusion.
The main reason for the SF can be understood from the basic electronic structure. The metallicity of the surface and the subsurface CMO layers is due the presence of the d z 2 states at the Fermi surface. These orbitals point toward each other, which facilitates electron hopping between the Mn ions through a double-exchange-like mechanism and provides a FM coupling. This result, in the limit of LSDA, has been also observed in several prior studies [23, 41] .
An interesting observation in Fig. 3 is that LSDA+U predicts larger values for the exchange parameters (red dashed line) which is in contrast with our conclusion for the bulk, where LSDA+U suppressed the LSDA exchange. The reason is due to the metallicity [46] that has been observed here for the surface layers even within LSDA+U . In general, the exchange interactions in magnanites can be regarded as the combination of ferromagnetic double exchange and antiferromagnetic superexchange interactions. The superexchange interactions are inversely proportional to U and, therefore, weaker in LSDA+U . The double exchange is, on the other hand, proportional to the transfer integral and (to the first approximation) does not depend on U. However, in LSDA+U there are other factors (e.g. the oxygen states), which can alter this conclusion.
The metallic character drastically changes the behavior of the magnetic interactions and the argument based solely on the analysis of the superexchange strength is not anymore valid.
While studying Mn-based perovsikes, one should notice that according to the Bethe-Slater curve [47] , Mn atoms can present drastically modified magnetic properties if the interatomic distances are changed, especially for the confined system in lower dimensions like surfaces. This stimulated us to study how the magnetic properties vary once the reconstruction of the surface geometry is taken into account in ab initio simulations.
The effect of geometry relaxation
Next, we performed geometry relaxation for two different spin-configurations of the slab, e.g., AFM and SF at the surface. First, we discuss the results obtained for AFM, but the results are qualitatively the same for the other magnetic state. e.g., with SF at the surface. Once the structure was optimized, we observed a different electronic structure and magnetic properties of the CMO slab compared to the unrelaxed slab. Figure 4 illustrates the projected density of states for the most physically interesting layers, e.g. surface, subsurface and middle layers in the limit of LSDA and LSDA+U . While LSDA gives a metallic ground state, LSDA+U predicts the emergence of a splitting between the Mn d z 2 states and O 2p states that can turn the system to a charge-transfer insulator. In fact, the lack of periodicity at the surface results in a different crystal field splitting (than for bulk) for Mn d states by lifting their degeneracy. In the case of LSDA+U , we observed that the electronic states are pushed closer to the Fermi level, while still keeping a clear band gap of 0.4 eV. Turning to an insulator, due to the strong structural relaxation and to the change of the crystal field, the system is anticipated to show quite different behavior in the magnetic properties, as has been observed also in other TM perovskites [48] . This change in the electronic structure was found to be independent of the magnetic ground state of the system. For comparison, in Fig. 6 we show the calculated DOS for SF configuration at the surface. This also exhibits the opening of the gap. However, the total energy calculations suggests that once the structural relaxation is taken into account, the preferred magnetic ground state of CMO slab is AFM, different from the unrelaxed geometry with SF at the surface.
Therefore, we repeated the calculations of the exchange parameters starting from the optimized structure of the slabs. The initial magnetic configuration is set to be Gtype AFM without SF at the surface. The results for the J ij calculations are illustrated in Fig. 5 . The exchange parameters also confirm the conclusion that the SF of the surface atoms disappears after the geometry relaxation of the slab (see the blue lines). This conclusion is obtained both in LSDA and in LSDA+U methods. Surprisingly, additional calculations based on G-type AFM in the presence of the SF at the surface also confirms this finding (not shown here).
An inspection of Fig. 5 reveals that the exchange interaction between the two nearest neighbor Mn atoms at the surface is AFM. The LSDA approach predicts this interaction to be strong (full red line), whereas it is relatively suppressed in the case of LSDA+U (dashed red line). As explained above, this is because the system is metallic in LSDA and other mechanism in addition to superexchange will contribute to the J ij 's. On the other hand, LSDA+U predicts insulating behaviour and therefore, these extra contributions are suppressed.
Considering that superexchange mechanism has the biggest contribution to the exchange parameters in CMO, one can realize that the change of the nearest neighbor J ij is mainly due to the change of the angle and the distance between Mn and O atoms, induced by the geometry relaxation. The surface and subsurface atoms moved toward the inner layers and in total the atomic distances are decreased compared to the unrelaxed slab, both within LSDA and LSDA+U (and also within some additional simulations based on GGA). Moreover, the angle between Mn and O atoms have been modified depending on the layer they are in. This change is especially large for the O atoms on the surface, where the ones right above the surface are shifted toward the vacuum after relaxation (see the bottom panel of Fig. 5 ) and therefore, the Mn-O-Mn angle is decreased from 156
• for the unrelaxed structure to 153.1
• for the relaxed structure. The Mn-O distance is also decreased from 1.90Å to 1.83Å. On the other hand, the O atoms right below the surface are moved toward the surface after the relaxation and have modified the Mn-O-Mn angle to 166.1
• and the Mn-O distance to 1.87Å. These changes for the inner layers are relatively small so that the innermost layer finds an environment similar to the bulk. Moreover, due to the movement of Mn atoms at the surface toward the subsurface, the angle between Mn atoms at the surface and subsurface and the O between them, is modified from 158
• to 155
• . Consequently, the exchange interaction with the surface atoms are modified substantially in terms of sign and magnitudes.
Finally, the robustness of our findings is further confirmed by the J ij 's extracted from the SF ground state. The obtained exchange parameters (not shown here) are qualitatively very similar to the ones shown in Fig. 5 , but with minor differences in their magnitudes. For instance, the NN exchange parameter between the atom at the surface and the subsurface is about -0.35 mRy while the corresponding parameter in Fig. 5 is equal to -0.42 mRy in LSDA+U method. The latter indicates an instability of SF ground state and points towards G-type AFM ordering.
In calculations of the exchange parameters, the SO coupling is not taken into account. However, our additional electronic structure calculations including spinorbit interactions revealed that the orbital moments originating from the Mn atoms are very small (of the order of 0.01µ B ) both in the bulk and the slab. The canting angle of the spin moments with respect to the spin axis is obtained to be about 0.31
• for the surface atoms and 0.22
• for the middle layer atoms in LSDA+U calculations. This canting of the spins is a result of purely SO-derived magnetic interactions. Their smallness allows us to conclude that the influence of SO interaction is marginal, and that the exchange parameters obtained in this work can present the general magnetic behavior of system either in the presence or absence of the spin-orbit couplings. (mRy)
The nearest neighbor exchange parameter as a function of electron doping in the relaxed structure of CMO slab. J 1↑1↓ and J 1↑1↓ indicate the exchange interactions between two atoms at the surface and J 1↑2↓ is the exchange between the atom at the surface and the one at the subsurface.
Electron doping
Excess of electrons can appear in CMO due to doping or they can emerge spontaneously due to the presence of oxygen vacancies. This can influence the magnetic properties, and therefore we have examined how the electron doping affects the J ij 's at the surface. For this purpose we have performed an additional set of calculations varying the chemical potential of the system. Since the converged DFT potential has not been modified, one can best describe this procedure as that the doping was simulated within a rigid band model. Note that the present approach is extremely simplified and assumes uniform distribution of an additional negative charge in the system. Most importantly, it neglects structural changes leading to the electron trapping, i.e. the formation of magnetic polarons [10] . Nonetheless, the aim of these simulations is to provide a qualitative picture about the sensitivity of the obtained preferable magnetic order to the stoichiometry of the system. Figure 7 shows the dependence of the most relevant magnetic couplings at the surface of CMO on electron doping. The nearest neighbor exchange interaction between two atoms at the surface are indicated by two different arguments J 1↑1↓ and J 1↑1↓ . As mentioned before, this is because of the orthorhombic structure of CMO which makes the x and y axis inequivalent and therefore the distance between the Mn atoms in one direction is 0.17Å shorter than the other direction. The interaction between the atom at the surface and the one right below in the subsurface is indicated by J 1↑2↓ , as also depicted in the bottom panel of Fig. 5 . One can see that the interactions between Mn atoms at the surface are relatively robust with respect to the shift of the chemical potential. In the entire range of doping levels considered here, these couplings remain AFM. On the other hand, surface-subsurface interaction (J 1↑2↓ ), being AFM for low doping, changes its sign when more that 0.04 electrons per Mn atom are added to the system. At this point, the SF of Mn spins is expected to take place at the surface of CMO and consequently double exchange mechanism steps in and overrides the super exchange.
III. CONCLUSIONS
In this paper we have evaluated the exchange interactions of bulk and surface layers of CMO, and we find that super-exchange is captured well in LSDA+U calculations. This conclusion is based on the fact that theoretical exchange interactions combined with an effective spin-Hamiltonian result in a Neél temperature that is in agreement with observations. In the bulk we find that the t 2g − t 2g channel is dominating. For the surface we find that structural relaxations play an important role, and that when taken into account the (001)-surface of CMO has the same antiferromagnetic ordering as the bulk. This indicates a large exchange-striction in which small structural displacements provide a significant modification of the interatomic exchange interaction, even to the extant that the sign changes. Finally, we predict that a small amount of electron doping of 0.04 electrons per Mn atom, results in a SF transition of the Mn surface atoms. It would be interesting to verify this prediction in experiments and we hope that such investigation will be carried out in the future.
